An experimental study on microwave plasma at atmospheric pressure was conducted by employing optical emission spectroscopy. Based on a microwave plasma generation device developed for nanoparticle synthesis, we studied the influence of input microwave power and gas flow rate on the optical emission behaviors and electron temperature of plasma using Ar, He, and N 2 as working gas, respectively. The physics behind these behaviors was discussed. The results are useful in characterizing microwave plasma at atmospheric pressure and can be used for improving nanoparticle synthesis system for commercial use in the future. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Microwave plasma has been widely applied in modern industrial fields, such as material processing, surface treatment, sterilization, decontamination, and so on.
1-5 The microwave plasma process has also been proven a versatile process to synthesize nanomaterials. The rapid evaporation, decomposition, and pyrolysis of precursors result in nanoparticles of high purity and very narrow size distribution. Other advantages include high electron energy, large amount of active radicals, low reaction temperature, absence of the necessity of electrodes, and stable operation over a wide range of gas pressure during synthesis process. 6 The first microwave plasma system for nanoparticle synthesis was set up by Vollath and Sickafus in 1992. 7 After that, researchers have conducted a series of studies in this field and synthesized variety of nanoparticles during the past ten years. [8] [9] [10] [11] [12] The quality of nanoparticles may be controlled by particle charging, which is highly determined by the characteristics of plasma. However, related researches mainly focused on the chemical process of the reaction and rarely studied the characteristics of microwave plasma intensively.
In recent years, based on the previously developed open type microwave plasma source, we have designed a microwave plasma apparatus for nanoparticle synthesis. 13 In order to understand the characteristic of this device and how the plasma promotes the chemical reaction, it is essential and significant to study the basic parameters of the plasma. Different methods for plasma diagnostics have been employed to investigate the plasma source. Among them, optical emission spectroscopy (OES) is a powerful tool to provide useful information of the properties of plasma. In this paper, by observing the emission spectra of microwave plasma, we investigated the relationship between emission behaviors and plasma characteristics, including the influence of input power and gas flow rate on active particles and electron temperature. The physical mechanisms behind these behaviors were also discussed. As inert gases and N 2 are the most commonly used carrier gases for nanoparticle synthesis, Ar, He, and N 2 were adopted as working gas in our experiment, respectively. The results will be hopefully used to control the chemical reaction conditions during nanoparticle synthesis and optimize the quality of nanoparticles.
II. EXPERIMENT SETUP
A schematic diagram of the system is presented in Fig. 1 . It consists of three parts: microwave plasma generation device, gas supply system, and OES observation system. The plasma is generated by a 2.45 GHz magnetron power supply with power output from 1 kW to 10 kW. Microwave passes through a WR430 rectangular waveguide with the inner dimension of 86 mm width and 43 mm height. Microwave reflects when it reaches the movable plunger. The superposition of incoming wave and reflected wave forms a voltage standing wave and a current standing wave in the cavity. In order to generate the plasma at atmospheric pressure, a tuning section and an aperture have been designed at the antinode of the voltage standing wave where the strength of the electric field is always maximum. The nozzle is sharpened to further enhance the electric field. The tuning section consists of two separate parts. A thicker cylinder with a diameter of 50 mm can be screwed into or out of the cavity and a thinner one in the central can be screwed into or out of the thicker one. Both can be used to maximize the electric field at the top of the nozzle. An airtight cavity is made in the waveguide by two pieces of quartz glass. During the experiment, Ar or He is fed into the nozzle, while N 2 is fed into the waveguide and blows out from the aperture. In all cases, the gas we used is ultrahigh purity gas (99.999%). Fig. 2 gives a typical picture of microwave plasma of different gases. For OES observation, a fiber optical spectrometer (Avaspec-USB2-DT, Avantes BV, the Netherlands.) was used. Its spectral resolution is 0.15 nm and the waveband is from 200 nm to 820 nm. During the experiment, the probe is kept a distance of about 5 cm from the plasma region to measure the optical emission spectra. Since the plasma jet was exposed in air, some particles in air were also ionized. The emission spectrum of the c-band system of NO molecule (A Fig. 4 shows the intensity of Ar I spectra as a function of microwave power and gas flow rate, respectively. As the microwave power increases, the observed intensity increases dramatically. Since the intensity is proportional to corresponding excited particles, we can conclude that as input power increases, ionization becomes more violent, the emissivity becomes larger and concentration of active particles gets higher. As the gas flow rate increases, the observed intensity initially increases but tends to saturate when the gas flow rate is over 0. Table I . [16] [17] [18] Form Fig. 5 , we can see that the spectral lines emitted from N and O atoms are much more than those emitted from He atoms. N 2 molecule is hard to be ionized because the energy of its triple bond (941 kJ/mol) is too large to overcome. The existence of such abundant atomic spectra of N atoms demonstrates that metastable He atoms are more conducive to excite other particles than metastable Ar atoms. This is because the energy level of metastable Ar atoms (the energy of state 1s 5 and 1s 3 is 11.7 eV and 11.5 eV, respectively) is much smaller than that of metastable He atoms. Therefore, more violent Penning discharges possibly happen in He plasma and metastable He atoms pass their energy to other particles while the concentration of themselves becomes lower [Eqs. (7), (8), (12)].
With the increase in input power, the intensity of all spectral lines increases as shown in Fig. 6(a) . The intensity of spectrum of O atom changes dramatically, while the intensity of spectra of N and NO c , OH, N 2 , and N 2 þ bands changes slightly. From Fig. 6(b) , we can see that the intensity of spectral lines initially increases with the flow rate of He and then decreases at high flow rate, which is similar to the results of Jia 18 and Mericam-Bourdet. 19 To clarify these phenomena, the optical emission intensity is given by 18, 20, 21 
where n e is the electron density, N is the number density of excited atoms, e th is the threshold energy for particle excitation to level q, v(e) is the electron velocity as a function of electron energy e, r(e) is the collisional cross section, and f(e) is the electron energy distribution function (EEDF). The emission rate, i.e., the integral term, is simplified by the symbol hrvi, which is controlled by electron temperature T e . When the gas flow rate is constant, the emission spectra intensity mainly depends on the factor n e hrvi, which can be viewed as a reflection of "high energy electron population", i.e., electrons with higher energies than the threshold values. 18, 21 Thus, "high energy electron population" increases linearly with the increase in microwave power. As a consequence, the optical emission intensity increases linearly. And because the increase in T e is much less than the increase in emission intensity (as discussed later in Sec. IV), the increasing emission intensity is actually a sign of the increase in n e . When the input microwave power remains constant, the emission intensity initially increases with the increase in density of excited atoms. When the gas flow rate is above 
a Diss. exc. stands for dissociative excitation. "*" represents an excited state.
m 3
/h, a reduction in T e (as discussed later in Sec. IV) will result in the decrease in the emission intensity although the density of source gas atoms is still increasing.
In addition, we focus on the spectral line at 391.4 nm which is emitted from N 2 þ first negative system bands. The Penning ionization between metastable He atoms and N 2 molecules is the main source to produce N 2 þ in ambient air 22 He
As the flow rate of He increases, more metastable He atoms pass energy to N 2 þ , i.e., the intensity of Penning ionization initially increases and the intensity of 391.4 nm spectral line reaches a peak value. However, with further increase in gas flow rate, quenchers from the nozzle, etched by the more violent discharge, lead to less metastable He atoms. And when the flow rate of He increases, the density of N 2 molecules decreases, which leads to less violent Penning ionization in He plasma. Thus, a drop in the intensity of the N 2 þ 391.4 nm spectral line can be observed. N 2 plasma was also generated by the device. The emission spectrum of N 2 plasma is a typical molecular band spectrum (Fig. 7) . In a discharge of pure nitrogen, the excitation of N 2 mainly depends on the following process:
Actually, in Ar and He plasma, the excitation energy of metastable Ar atoms and He atoms is higher than the first excitation energy of N 2 molecule (11.1 eV) . Thus, the population of N 2 (C 3 P u ) in Ar and He plasma is much larger than that in N 2 plasma due to Penning ionization.
The emission spectrum of the c-band system of NO molecule (A 2 R þ !X 2 P r ) appears with typical band heads at 213.9, 225.5, 235.9, 246.8, 258.5, 271.2 nm. 24 According to Rydberg-Klein-Rees (RKR) potential curves of NO molecule, A 2 R needs less excited energy and has larger absorption cross section compared with other excited energy levels. 25 Thus, in the strong electromagnetic environment of microwave discharge, the excitation of this level and the transition from this level to the ground state can be clearly observed. OH band (306-314 nm) appears in ultraviolet wave range. The observed OH radicals are mainly generated by the electron collisions with H 2 O molecules (eþH 2 
** þHþe). OH(A-X) band, NO(A-X) band, and N 2 (C-B) band are commonly used to calculate the rotational temperature in the plasma. Related results need further investigation in future work.
IV. MEASUREMENT OF ELECTRON TEMPERATURE
As is well known, electric field transfers energy to charged particles. In an alternating electric field with frequency f, the energy E transferred to a particle with charge Q and mass m is
In plasma, however, the charged particles may not have the chance to get the whole energy of the electric potential, because they will collide with other particles in the plasma. Therefore, the energy transfer is limited by the free path length, in other words, by the collision frequency z which is proportional to the gas pressure. These physical mechanisms of a microwave discharge is described in detail in the book of MacDonald. 26 According to MacDonald, the energy transfer in the plasma is
Equations (18) and (19) show that the transferred energy is proportional to the charge of the particle and inversely proportional to the mass of the particle. Since the mass of ion is a few ten thousand times larger than the one of the electron, the alternating electric field transfers much more energy to electrons than ions or charged nanoparticles. Therefore, the "temperature" of electrons is significantly higher than that of ions or neutral particles. Thus, in microwave plasma, electrons play an important role in gaining the energy from the electromagnetic field. Then they transfer energy to ions and gas particles through elastic or inelastic collisions. One of the reasons why microwave plasma is unrivalled to synthesize nanoparticles is that the electron energy is very high. These highly energetic electrons are easy to ionize the particles but hard to recombine with positively charged particles. Therefore, in the plasma reaction region, most charged particles carry positive charges and repel each other. As a result, the particles are difficult to agglomerate during synthesis. 27 According to previous studies, the microwave plasma generated by the similar device is in local thermodynamic equilibrium (LTE) state, 28 which means the electron temperature is approximately equal to the excitation temperature. On the assumption of this, we evaluated the electron temperature by using Boltzmann plot method.
When the plasma is in LTE state, the relative electron populations in excited states are generally described by the Boltzmann distribution. The emission spectral line intensity of a transition from level q to the ground state can be expressed as follows: 29, 30 
where N is the number density of excited atoms, k is the wavelength of emission spectral line, g q is the statistical weight of level q, A q is the transition probability of the emission from level q to the ground state, Q(T) is the partition function, E q is the energy of the upper excited state q, T exc is the excitation temperature, c is the speed of light, h is the Planck's constant and k is the Boltzmann's constant. Using Eq. (20), T exc can be directly calculated from the absolute intensity of the single emission line; however, the relative line intensity method is used to improve the accuracy. Rearranging and taking the logarithm of Eq. (20) leads to
It means that ln(I q k/g q A q ) of several lines will be a linear function of the excitation energy and T exc can be determined from the slope of the line. For Ar plasma, spectral lines of Ar atoms are used. For He plasma, we use spectral lines of N atoms instead. The wavelength, transition probability, and upper-level energies for Ar and N spectral lines selected for calculation are summarized in Tables II and III, respectively.   31 The dependence of the excitation temperature on the microwave power and the gas flow rate is shown in Fig. 8 . The excitation temperature of Ar plasma increases approximately linearly from about 9.6 Â 10 3 K to 1.1 Â 10 4 K with the increase in microwave power from 1.6 kW to 5.6 kW. Since the Penning ionization can decrease the electron temperature in plasma, the excitation temperature of He plasma is lower, from 7.9 Â 10 3 K to 9.0 Â 10 3 K with the increase in microwave power from 1.6 kW to 5.6 kW. Under high microwave power condition, more energy is delivered to gas atoms, which results in a higher excitation temperature in plasma. Actually, it is noted that the excitation temperature is relatively flat. And compared with Figs. 4(a) and 6(a), the increase in T e is much less than the increase in emission intensities when the input microwave power increases, which indicates that the increasing emission intensity is actually a sign of the increase in n e as discussed in Sec. III. As is known to all, the electron temperature of plasma reflects the kinetic energy of electrons which depends on the electric field intensity and mean free path. And mean free path is inversely proportional to particle density. Under constant microwave power condition, with the increase in gas flow rate, the particle density increases and the mean free path of electrons becomes shorter, which results in the reduction of electron energy.
V. CONCLUSION
In this study, in order to understand the characteristics of atmospheric microwave plasma used for nanoparticle synthesis, we generated the microwave plasma at atmospheric condition using Ar, He, and N 2 as working gas, respectively. The emission spectra of plasma were investigated. The electron temperature of plasma was calculated using Boltzmann plot method. The influence of input microwave power and gas flow rate on the optical emission behaviors and the electron temperature of plasma were studied. And the physics behind these behaviors was discussed. The major findings are
• Since Ar, He, or N 2 plasma is generated in ambient air, the molecules in air are also excited. Active particles, such as O atoms, N atoms, OH radicals, and N 2 þ are all observed in the optical emission spectra. The optical emission spectra show that more violent Penning discharges possibly happen in He plasma and metastable He atoms are more conducive to excite other particles than metastable Ar atoms.
• The emission intensities increase with the increase in input microwave power due to the growing population of high energy electrons. However, the emission intensities initially increase with the increase in gas flow rate but tend to saturate or decrease dramatically when the gas flow rate is high. To explain this phenomenon, the reduction of electron temperature at higher flow rate should be taken into account.
• The average electron temperature of Ar and He plasma generated under the experimental condition is around 10 000 K and 8000 K, respectively. The electron temperature increases with the increase in microwave power, but decreases with the increase in gas flow rate. Therefore, by adjusting the microwave power and gas flow rate, the chemical reaction conditions could be optimized during nanoparticle synthesis and the quality of nanoparticles could be controlled. 
